Behavioral evidence from the young suggests spatial cues that orient attention toward task-relevant items in visual working memory (VWM) enhance memory capacity. Whether older adults can also use retrospective cues ("retro-cues") to enhance VWM capacity is unknown. In the current event-related potential (ERP) study, young and old adults performed a VWM task in which spatially informative retro-cues were presented during maintenance. Young but not older adults' VWM capacity benefited from retro-cueing. The contralateral delay activity (CDA) ERP index of VWM maintenance was attenuated after the retro-cue, which effectively reduced the impact of memory load. CDA amplitudes were reduced prior to retro-cue onset in the old only. Despite a preserved ability to delete items from VWM, older adults may be less able to use retrospective attention to enhance memory capacity when expectancy of impending spatial cues disrupts effective VWM maintenance.
Descriptors: Cognition, Learning/Memory, Aging, EEG/ERP, Working memory, Attention Visual working memory (VWM) refers to the system in which we represent visual information after it is no longer available via sensory input. VWM is a capacity-limited system, and it is believed that only a few items can be maintained at any given time. The capacity limit varies across individuals and is believed to contribute to individual differences in episodic memory (Unsworth & Spillers, 2010) , fluid intelligence (Oberauer, Schulze, Wilhelm, & Suss, 2005) , focus switching (Unsworth & Engle, 2008) , and visual search (Bleckley, Durso, Crutchfield, Engle, & Khanna, 2003) . VWM capacity declines with healthy aging and may consequently contribute to age-related impairments in various cognitive measures (Verhaeghen & Salthouse, 1997) . Although the exact nature of the working memory deficit in aging is unclear, the inhibitory deficit hypothesis of aging suggests that older adults' reduced ability to inhibit processing of task-irrelevant information contributes to age-related impairments in various cognitive measures, including working memory capacity (Hasher & Zacks, 1988) . That is, interference from irrelevant distracters reduces the ability to attend to and encode relevant items. Specifically, inhibition deficit theory proposes that working memory impairments may arise from dysfunction in multiple processes, including limiting memory access to task-relevant information and deletion of information in working memory that is no longer relevant. Some researchers have claimed evidence exists for dysfunction in both processes across different tasks (Connelly & Hasher, 1993; Connelly, Hasher, & Zacks, 1991; Hasher, Quig, & May, 1997; Oberauer, Wendland, & Kliegl, 2003; Rozek, Kemper, & McDowd, 2012 ; but see Kemper, McDowd, & Kramer, 2006; Verhaeghen, 2011) . The extent to which age-related declines in both functions contribute to VWM within the same task is less clear.
Interestingly, some behavioral evidence from VWM studies suggests that presenting a retrospective spatial cue ("retro-cue") during the delay period in order to indicate the location of the to-be-probed item enhances memory accuracy and capacity measures in young adults (Landman, Spekreijse, & Lamme, 2003; Lepsien & Nobre, 2007; Makovski & Jiang, 2007; Makovski, Sussman, & Jiang, 2008; Matsukura, Luck, & Vecera, 2007) . By directing one's attention toward the location of the critical item, the retro-cue acts to make all other items in VWM irrelevant, thereby reducing the effective memory load. If items held in VWM compete with one another for attentional resources (Bahcall & Kowler, 1999) , the retro-cue benefit in memory is most likely to be observed at higher memory loads where interitem interference is high (Lepsien & Nobre, 2007) . Whether older adults like the young can make use of retro-cues to enhance VWM capacity is not known. According to inhibition deficit theory, however, if older adults were incapable of deleting task-irrelevant items from working memory, then no retro-cue benefit would be predicted for the old regardless of memory load. A nonmutually exclusive explanation to the interitem interference account of how retro-cues might enhance performance is that they may reduce the number of comparisons needing to be made between the probe item(s) and representations in VWM (Makovski et al., 2008) . That is, in theory, only one comparison needs to be made at test: that between the retro-cued item and the test probe. Any interference caused by needing to make multiple comparisons between memory and probe items would be reduced.
Previous neuroimaging evidence suggests that maintenance of information in VWM is associated with persistent activity in sensory cortex during the delay period (Ester, Serences, & Awh, 2009; Gazzaley, Rissman, & D'Esposito, 2004; Postle & D'Esposito, 1999; Stokes, Thompson, Cusack, & Duncan, 2009 ). This activity is localized to regions selective for processing the specific categories of stimuli held in VWM (i.e., faces, objects), is subject to top-down control from the prefrontal cortex, and is believed to contribute to VWM accuracy. Event-related potentials (ERPs) may be useful for investigating the time course of VWM and the effect of retro-cues on delay period activity. Previous studies have identified one such ERP, the "contralateral delay activity" (CDA), which is believed to reflect the persistent delay period activity in the extrastriate cortex in VWM tasks (Anderson, Vogel, & Awh, 2011; McCollough, Machizawa, & Vogel, 2007; Vogel & Machizawa, 2004) . The CDA is characterized by sustained, negative-going activity over posterior scalp electrodes. It is observed for task-relevant items held in VWM that were presented in the contralateral visual field with respect to the posterior electrode location. CDA amplitude is also positively correlated with the number of items stored in VWM, as well as individual working memory capacity.
Some recent work in young adults has examined the effect of retrospective spatial cues on the CDA and working memory performance (Kuo, Stokes, & Nobre, 2012) . Consistent with the idea that spatial retro-cues act to filter items from VWM that are no longer relevant, the presentation of the cues during the maintenance period reduced the magnitude of the CDA, concomitant with an increase in working memory performance indices, including sensitivity and capacity. Moreover, as the effects of the retro-cue were particularly evident at high memory loads (4 > 2), these results are consistent with the hypothesis that retro-cues reduce interitem competition, consequently reducing the effective memory load and enhancing the probability of memory success. Collectively, these previous ERP findings suggest that the CDA tracks the maintenance of information until a subset of the items held in working memory (WM) are deemed irrelevant by attentional cues.
Few studies have investigated how aging affects the CDA (Jost, Bryck, Vogel, & Mayr, 2011; Sander, Werkle-Bergner, & Lindenberger, 2011) , and no studies, to our knowledge, have investigated how aging affects the interaction between retrospective attention and VWM performance. If irrelevant information enters working memory due to impaired access limitation functions in the old, and the CDA reflects maintenance of task-relevant information, a reasonable prediction from inhibition theory would be that CDA amplitudes would be attenuated for the old compared to the young. That is, interference from irrelevant information (the contralaterally presented nontargets in a typical CDA study) might reduce efficient encoding and/or maintenance of task-relevant items. With regard to retrospective attention, in order to make use of an attentional cue, one must first have a representation of the to-be-probed item active in VWM and also be able to delete those items that are no longer relevant. It follows, therefore, that older adults may receive less of a performance benefit from spatial retrocues than the young and show reduced modulation of CDA amplitudes by these cues due to an impaired ability to delete irrelevant items being held in VWM. Alternatively, it may be the case that older adults can filter irrelevant items from VWM but they do so more slowly than do the young. For example, in a recent study implementing a change detection task, older adults were shown to be able to filter irrelevant items from VWM, as evidenced by the amplitude of the CDA, but only later in the delay period (Jost et al., 2011) . In this previous study, however, participants were aware of which items were relevant and which were irrelevant, based on item color, at the time of initial encoding. Thus, it is unknown whether older adults, like the young, can exercise top-down control over VWM maintenance.
In the present study, we aimed to determine the extent to which age-related impairments in access limitation and deletion functions contribute to older adults' decline in VWM performance. We used the CDA as a marker of VWM maintenance in order to assess the degree to which aging affects the ability to limit VWM access to task-relevant items, as well as the ability to delete items from VWM that are deemed irrelevant by retrospective attentional cues. Consistent with previous studies measuring the CDA, each trial began with a visual cue that indicated whether the participant should encode items in either the left or right visual hemifield. An array of colored squares was briefly presented in each hemifield. After a fixed delay period, a single central test probe item was presented for which participants decided whether it matched an item from the memory array. For half of the trials, a spatial cue was presented during the retention interval directing the participant's attention toward the location of the to-be-probed item, consequently reducing the effective memory load to one. Given that these spatial retro-cues are presented hundreds of milliseconds after the offset of the memory array, they can impact the maintenance of information in VWM but not the initial encoding of items.
The current design also allowed us to examine ERPs related to the memory probe. Specifically, if retro-cues reduce the number of comparisons that need to be made at the time of test (Makovski et al., 2008) , we would predict ERPs reflecting processes contributing to memory decisions (i.e., stimulus evaluation and categorization, "updating" the contents of working memory) to be affected. Specifically, in order to assess the influence of spatial retro-cues on these probe-related processes, we measured the latency and amplitude of the parietal-maximal P300 or P3b typically observed between 300-700 ms, given its well established association with working memory updating (Donchin & Coles, 1988; Polich, 2007) . When a memory representation has been more recently processed and is active in working memory, less updating is needed and the latency and amplitude of the P300 are reduced. According to this theory, it is reasonable to predict shorter latencies and smaller amplitudes for test probes following retro-cues. Importantly, this predicted pattern for the P300 is not mutually exclusive to the predictions for the CDA. Indeed, if retro-cues allow interitem interference to be reduced, and consequently more attention to be devoted to the to-be-probed item, it is likely that both CDA and P300 modulations would be observed.
Method Participants
Eighteen young adults (ages 18-24) were recruited from Georgia Institute of Technology, as well as from the metropolitan Atlanta community, and 18 older adults (ages 62-75) were recruited from the community. Additional participants (3 young and 3 old) were excluded due to poor performance, excessive eye movements, or other electroencephalogram (EEG) artifacts (e.g., alpha). All participants were right-handed, with normal or corrected-to-normal vision, with no reports of psychiatric or neurological disorders, 
Neuropsychological Testing
Immediately following EEG recording, all participants were administered a neuropsychological test battery. This battery assessed processing speed, working memory, executive function, and semantic memory and was administered to ensure no large group differences in performance due to cognitive impairment. The neuropsychological battery consisted of digit-symbol substitution and digit span forward and backward from the Wechsler Adult Intelligence Test (WAIS-R) (Wechsler, 1981) , the Wisconsin Card Sorting Test (WCST), 64-card version (Lezak, 1995) , and the Shipley Vocabulary Test (Shipley, 1946) . This battery lasted approximately 20-30 min. Results are shown in Table 1 .
Design and Procedure
Participants were provided with a short practice block containing 32 trials immediately prior to beginning the experiment. Care was taken to ensure that participants fully understood the task before beginning. If necessary, the practice block was repeated to achieve full competence. Participants were seated in a sound-attenuated and dimly lit room approximately 2 feet from the computer monitor. Participants were instructed to fixate centrally for the duration of the trial and to minimize head and eye movements. Participants were asked to respond as quickly and accurately as possible. Participants responded with the first two fingers of the right hand. A schematic of the design is shown in Figure 1 . All stimuli were presented against a gray background. The colored square memory stimuli were presented in one of eight possible colors (pink, purple, black, blue, yellow, green, orange, and white) and each subtended 0.67°of visual angle. The experiment was divided into 12 blocks each containing 63 trials. Piloting results suggested that older adults were unable to effectively perform the task when load and cue type were randomized, as in some previous young adult studies (Kuo et al., 2012) . Consequently, we chose to present trials in separate blocks based on cue and load type. There were two blocks for each VWM load (2, 3, 4 items) and cue type (retro-cue, no cue), such that participants would execute 63 consecutive trials of only one load and cue type before proceeding to the next block. The order of blocks was randomized within and across participants. Each trial began with a precue that indicated the side of the screen to which participants should direct their attention. Half of the trials within each of the 12 blocks were presented with a left hemifield cue and half with a right hemifield cue in a random order. Following a randomized interstimulus interval (400-600 ms in 50-ms increments), the memory array was presented containing two, three, or four colored squares in each hemifield. Participants were asked to try to remember as many squares as possible from the precued hemifield. There were four possible positions within each hemifield arranged in an ellipse 2.2°of visual angle from the center of the screen. After an 800-ms delay, for half of the trials, a spatial retro-cue was presented in which a centrally located arrow (0.87°o f visual angle) pointed to one of the four possible locations in the precued hemifield. This spatial retro-cue always indicated the location of the item in VWM that would be subsequently tested (100% valid). In no-cue trials, a centrally located cross was presented that provided no information about which item would subsequently be tested. Following a randomized interstimulus interval (800-1,000 ms in 50-ms increments), a centrally located colored square was presented along with a response cue prompting participants to decide whether the square was presented in the previous memory array (50% target present) or not (50% target absent). The order of target-present and target-absent trials was randomly presented within each block. Lastly, a randomized intertrial interval (100-400 ms in 50-ms increments) was presented. 
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EEG Acquisition
Scalp-recorded EEG data was collected from 32 Ag-Ag/Cl electrodes using an ActiveTwo amplifier system (BioSemi, Amsterdam, Netherlands). Two additional electrodes placed on the left and right mastoid processes were used as offline references. Four additional electrodes were placed above and below the left eye to record vertical electrooculogram (VEOG) and on the outer canthi of the left and right eyes to record horizontal electrooculogram (HEOG).
EEG was recorded with 24-bit resolution and a sampling rate of 1024 Hz. All channels were offline digitally band-pass filtered between 30 Hz and 0.01 Hz. Prior to segmentation, both vertical and horizontal eye movements were removed from the data using a method based on principal component analysis (Berg & Scherg, 1994) as available in EMSE version 5.3 (http://www.sourcesignal. com/). Extensive analysis of this method determined that there was no reduction in waveform magnitude. 1 Epochs containing any uncorrected artifacts (Ϯ 100 mV) were removed. Trials containing incorrect behavioral responses (misses, false alarms, more or less than one response, response times (RTs) less than 200 ms) were excluded from all analyses. Segments were averaged separately for each participant, electrode, cue type, memory load, and hemifield of target presentation. For all analyses, ERPs were collapsed across correct responses (hits, correct rejections) to target-present and targe-absent conditions.
EEG Analysis
Our main objective was to determine whether spatial retro-cues modulate neural activity associated with VWM maintenance as indexed by the amplitude of the CDA, measured as the difference between contralateral and ipsilateral target activity (i.e., collapsed across left and target right visual fields), and whether healthy aging affects this modulation. To this end, EEG segments were created for the assessment of the CDA from 200 ms before memory array onset lasting until 1,800 ms after memory array onset. Mean amplitudes of the CDA were computed for two time windows: 400-900 ms after the memory array onset (100 ms before the retro-cue onset), and 1,300-1,600 ms after the memory array onset (100-400 ms after the retro-cue offset).
2 Mean amplitudes for these windows were averaged across both hemisphere and three electrode locations: (CP5/CP6, P3/P4, P7/P8), in order to increase sensitivity to detect CDA modulations in both age groups (Jost et al., 2011) . These time windows and electrodes were chosen based on similar previous studies (Jost et al., 2011; Kuo et al., 2012; McCollough et al., 2007; Vogel & Machizawa, 2004) and where effects were most evident for both age groups in the current data. We were careful to select electrodes and time windows for analyses for which ERP effects were observed for both age groups given that aging may affect both the latency and distribution of ERP effects. Mean amplitudes of the delay period activity were submitted to Load (2, 3, 4 items) ¥ Hemifield (ipsilateral, contralateral) ¥ Cue (no cue, retro-cue) ¥ Group (young, old) analyses of variance (ANOVAs) for each time window separately.
A second objective was to determine whether spatial retro-cues modulate activity related to VWM memory decision operations. To this end, EEG segments were created from 200 ms prememory probe onset lasting until 2,000 ms postprobe onset. Preliminary analysis of probe-related activity confirmed that there were no reliable differences between contralateral and ipsilateral conditions across the entire 2,000-ms epoch. Consequently, ERPs for correct trials (collapsed across hits and correct rejections) were collapsed across visual field of target presentation. Mean amplitudes and peak latencies were computed for the time period between 300 and 1,000 ms at the Pz electrode location based on similar previous studies and where effects were most evident for both groups in the current data. Mean amplitudes were submitted to a Load (2, 3, 4 items) ¥ Cue (no cue, retro-cue) ¥ Group (young, old) ANOVA.
Topographic maps of surface potentials, calculated by spherical spline interpolation (Perrin, Pernier, Bertrand, & Echalher, 1989) were used to display the scalp distributions of the CDA and P3b effects. For all analyses, p values reflect the Huynh-Feldt correction where appropriate. Significant interactions at an alpha level of 0.05 were followed up with subsidiary ANOVAs to determine the source of the effects when necessary.
Results
Neuropsychological Test Results
Group characteristics and neuropsychological test scores are shown in Table 1 . Older adults showed significant declines in tests of processing speed (digit-symbol substitution), executive function, and potentially working memory (WCST), ts(34) > 3.48, ps < .001. The older adults were more educated than the young adults, t(34) = 3.10, p = .004. There were no other significant group differences, ts(34) < 1.28.
Behavioral Results
Mean proportions of hit rates for target-present trials and correct rejection rates for target-absent trials are shown for no-cue and retro-cue conditions for each load in Table 2 . Hits and misses were defined as "match" and "nonmatch" responses, respectively, to target-present trials while correct rejections and false alarms were defined as "nonmatch" and "match" responses, respectively, to target-absent trials. Memory accuracy measures are also shown in Table 2 . Specifically, "Pr" discrimination measures calculated as hit rate-false alarm rate along with memory capacity measures "Pashler-Cowan K" calculated as N (N = set size of memory array) ¥ (hit-false alarm rate) (Cowan, 2001; Pashler, 1988) . Mean RTs for correct responses (collapsed across hit and correct rejections) are also shown in Table 2 .
First, in order to assess the effect of retro-cueing on response times, we conducted a Cue (no cue, retro-cue) ¥ Load (2, 3, 4) ¥ Group (young, old) ANOVA on RTs shown in Table 2 . Main effects of load, F(2,68) = 53.5, p < .001, cue, F(1,34) = 40.3, p < .001, group, F(1,34) = 56.6, p < .001, and a Load ¥ Group interaction, F(2,68) = 15.7, p < .001, were observed. As can be seen in the table, the main effect of load reflects the fact that both groups were slower to respond as load increased while the main effect of cue confirms that retro-cueing reduced RTs to targets in both groups. Importantly, the lack of Cue ¥ Group interaction, F(1,34) < 1, suggests that both age groups received a similar response time benefit. The same ANOVA was additionally conducted on the log-transformed RTs in order to ensure that the Load ¥ Group interaction was not simply an artifact of multiplicative slowing (Faust, Balota, Spieler, & Ferraro, 1999) . A reliable 1. It is important to verify that artifact rejection methods remove the artifacts but leave the remaining EEG intact (Picton et al., 2000) . To this end, we computed ERPs both with and without the artifact correction.
2. Analyses were also conducted for the last 200 ms of the epoch and revealed a similar pattern of results, though slightly less robust, than those observed for the 1,300-1,600 ms window.
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Load ¥ Group interaction remained after the log transformation, F(2,68) = 10.5, p < .001. Although young adults were faster to respond than the older adults overall, the Load ¥ Group interaction confirms that age group differences in RT increased with load. Subsidiary ANOVAs for each group separately revealed a Cue ¥ Load interaction for the young, F(2,34) = 4.26, p = .02, but not the old, F(2,34) < 1. As can be seen in the table, the retrocueing benefit in RT increased with load in the young only. In order to assess the effect of retro-cueing on memory accuracy as a function of memory load, we conducted a Cue (no cue, retrocue) ¥ Load (2, 3, 4) ¥ Group (young, old) ANOVA on both Pr and K memory measures. Significant effects of load, Fs(2,68) > 44.2, ps < .001, and group, Fs(1,34) > 10.9, ps < .002, were observed for both Pr and K measures. As can be seen in Table 2 , as load increased, VWM accuracy decreased and K increased across groups, and both measures were generally reduced in the old compared to the young. Load ¥ Group, Fs(2,68) > 12.3, ps < .001, and Cue ¥ Group, Fs(1,34) > 9.29, ps < .004, interactions reflect the fact that retro-cueing effects were largest for the young and that age-related memory impairments increased with higher loads. Subsidiary ANOVAs revealed Cue ¥ Load interactions, Fs(2,34) > 6.86, ps < .003, for the young but no effects involving cue in the old, Fs < 2.5, ps > 0.1, for either memory measure. The interactions in the young reflect the fact that retro-cueing enhanced memory accuracy and capacity for loads 3 and 4, ts(17) > 3.2, ps < .001, but not reliably for load 2, ts(17) < 1.9, ps > .09. As can be seen in the table, ceiling effects in the young may contribute to the lack of substantial retro-cueing benefit for set size 2 trials. These results suggest that young but not older adults were able to effectively use retro-cues to filter irrelevant items from VWM and enhance working memory capacity.
One potential issue with analyzing retro-cue effects according to objective load is that older adults generally have lower levels of capacity compared to the young. Thus, the observed group differences in retro-cue processing may be due to differences in baseline capacity rather than aging per se. To address this potential confound, we reanalyzed the behavioral data (K and RTs) as a function of individual estimates of maximum capacity (i.e., subjective memory load) rather than set size (i.e., objective memory load). The same approach has been used in an aging study previously (Schneider-Garces et al., 2010) . To this end, we identified the maximum capacity (K) reached for each individual for the no-cue condition, regardless of set size, and analyzed the effect of retrocueing on performance indices for the objective load level nearest to that maximum K in addition to the next largest load level.
3 For example, for a participant achieving a maximum K of 1.8 at set size 3, RT and K estimates would be computed for set sizes 2 ("capacity") and 3 ("capacity +1"). K estimates and RTs for capacity and capacity +1 set sizes and the results of the ANOVAs for these data are shown in Supplemental Information. The retro-cue effects were largely consistent with those presented above; retro-cue benefits were observed for all behavioral measures in the young and for RTs only in older adults. Two interesting findings did diverge from those of the objective load analyses, however. First, age-related impairments in memory accuracy did not increase as subjective load increased (Load ¥ Group interactions: Fs < 2.0, ps > .16). Second, retro-cue benefits were equal across capacity levels for all behavioral measures in the young and for RTs in the old (Cue ¥ Load interactions: Fs < 1.3, ps > .3).
ERP Results
Memory array ERPs. ERPs associated with contralateral and ipsilateral targets for no-cue and retro-cue conditions for load 4, at which CDA effects were most robust, are shown in Figure 2A . Visually evoked ERPs associated with the onset of the retro-cue (1,000 ms) can be observed in the waveforms. For both groups, CDA effects were evident with greater negative-going activity for contralateral relative to ipsilateral trials beginning at roughly 300 ms postmemory array onset. The CDA difference waves (contralateral-ipsilateral) are shown for each load, cue type, and age group in Figure 2B . As can be seen in the figure, CDA amplitude increased as load increased and was reduced and somewhat reversed after the presentation of the retro-cue in both age groups. As can be seen on the scalp topographic maps in Figure 2C , the CDA was maximal at lateral temporal posterior sites in both groups.
First, we determined the reliability of the CDA in the period prior to the cue (400-900 ms). A Load ¥ Hemifield ¥ Cue ¥ Group ANOVA revealed a main effect of hemifield, F(1,34) = 19.7, p < .001, that was modified by an interaction with load, F(2,68) = 7.4, p = .002. As can be seen in Figure 2B , CDAs were 3. One young adult with a capacity of 4 and one older adult with a capacity of 1 were excluded from this analysis. Retrospective attention and agingevident and similarly modulated by load for both age groups (4 > 3 > 2). Additionally, marginal Cue ¥ Hemifield, F(1,34) = 3.89, p = .057, and Cue ¥ Group interactions were also observed, F(1,34) = 3.27, p = .07. A subsidiary ANOVA for the young adults only revealed no effects involving cue, Fs(1,17) < 1, suggesting that cue type did not influence the magnitude of the CDA for any load. By contrast, the same ANOVA for the old showed a Cue ¥ Hemifield interaction, F(1,17) = 7.11, p = .01, reflecting the fact that CDA magnitudes were attenuated for retro-cue trials for each load in the time period prior to the onset of the cue, as seen in Figure 2B . Second, we tested whether the CDA index of VWM capacity would be modulated by the presentation of the retro-cue in both age groups. To this end, a Load ¥ Hemifield ¥ Cue ¥ Group ANOVA was conducted for the period directly following the presentation of the retro-cue (1,300-1,600 ms). Cue ¥ Hemifield, F(1,34) = 9.19, Figure 2 . ERPs to memory arrays. A: ERPs are shown for no-cue and retro-cue targets over contralateral and ipsilateral scalp sites averaged across 3 posterior electrode locations for set size 4 for each age group. The greater negative magnitude for contralateral than ipsilateral targets represents the contralateral delay activity (CDA). Gray shading indicates the time windows for CDA analysis. Dotted vertical lines indicate the retro-cue presentation period. B: Difference waves representing the CDA for set sizes 2, 3, and 4 for no-cue and retro-cue targets for each age group. Gray shading indicates the time windows for CDA analysis. Dotted vertical lines indicate the retro-cue presentation period. C: Scalp topographies of the CDA collapsed across load and cue type are shown for each age group. Only one side of the scalp is shown as the CDA represents activity averaged across hemispheres. Small circles represent electrode locations as viewed from above. The circled locations indicate the electrodes chosen for CDA analysis (CP5/CP6, P3/P4, P7/P8).
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A. Duarte et al. p = .005, and Load ¥ Hemifield, F(2,68) = 3.24, p = .04, interactions were observed, but no effects involving group, Fs < 1.1, ps > .3. A subsidiary ANOVA for the no-cue trials revealed a marginal main effect of hemifield, F(1,34) = 3.15, p = .08, that was modified by an interaction with load, F(1,34) = 3.46, p = .04. As can be seen in Figure 2B , CDA magnitudes were generally smaller than in the previous time window but still modulated by load (4 > 3 > 2). By contrast, no effects involving hemifield or load were observed for retro-cue trials, Fs < 1.3, ps > .24. As is evident from Figure 2 , CDA amplitudes were reduced for both groups after the presentation of the retro-cue, effectively removing the influence of load on this ERP index of VWM capacity. 4 Finally, we analyzed the effects of age group and cue on the CDA while controlling for individual estimates of maximum capacity, as discussed above for the behavioral data. The results of the ANOVAs for these ERP data are shown in Supplemental Information. The results were largely consistent with those presented above, namely, that CDA amplitudes were attenuated for retro-cue relative to no-cue trials prior to the onset of the cue in the old only but for both age groups after the presentation of the cue. One interesting difference from the analysis of objective load was the lack of load modulation for CDA magnitudes for both no-cue and retro-cue trials in both time windows and age groups (effects including load and hemifield, Fs < 2.0, ps > .15). What this suggests is that CDA amplitude did not increase for set sizes greater than an individual's VWM capacity.
Memory probe ERPs.
ERPs associated with targets for no-cue and retro-cue conditions for each load are shown in Figure 3A . P3b components were evident for both cue types and age groups beginning between~400-700 ms and lasting for several hundred milliseconds. A sustained positivity lasting until the end of the recording epoch is also visible.
5 P3bs associated with no-cue trials peaked later (~60-90 ms) and were generally sustained relative to retrocue trials particularly for young adults. As can be seen in the figure, P3b magnitudes were modulated by load in both groups, appearing most robust for loads 3 and 2 for the young and old, respectively. As can be seen in Figure 3B , topographic maps show that the P3b was maximal at centroposterior sites in both age groups.
We first tested whether the retro-cue affected the peak latency of the P3b. A Load ¥ Cue ¥ Group ANOVA for the peak latencies of 4. The postcue CDA attenuation appears largest for load 3 in the older adults. We did not predict this pattern and given that the effect of load was not reliable in this time period, we do not feel it prudent to speculate as to its meaning.
5. The same ANOVAs were conducted for the sustained positivity (1,000-2,000 ms), and results were similar to those observed for the P3b. the P3b between 300-1,000 ms revealed main effects of cue, F(1,34) = 7.67, p = .009, and age, F(1,34) = 44.4, p < .001, but no effects of load, Fs < 2.1, ps > .12. As can be seen in Figure 3A , the P3b for retro-cue trials peaked earlier than for no-cue trials across load type, and was generally delayed for older adults compared to the young across both load and cue type. Subsidiary ANOVAs for each group separately showed that the effect of cue was driven by the young, F(1,17) = 13.9, p = .002, but not the old, F(1,17) < 1. As is evident from the figure, the latency shift for retro-cue trials was observed primarily in the young.
We next assessed the effect of the retro-cue on the magnitude of the P3b. A Load ¥ Cue ¥ Group ANOVA for the mean amplitudes in the 300-1,000 ms time window revealed a main effect of load, F(2,68) = 5.27, p = .008, that was modulated by an interaction with group, F(2,68) = 5.53, p = .006. Subsidiary ANOVAs for each group separately confirmed that the P3b was larger for load 3 than loads 2 or 4, Fs(1,17) > 4.52, ps < .04, in the young, and larger for load 2 than loads 3 or 4 in the old, Fs(1,17) < 6.45, ps < .02. Subsidiary analyses additionally revealed a main effect of cue for the young, F(1,17) = 4.26, p < .05, but not the older adults, F(1,17) < 1. As can be seen in Figure 3A , the effect of cue reflects the fact that P3b amplitudes were sustained for no-cue trials relative to retro-cue trials in the young, while this difference was not reliable in the old.
Finally, we analyzed the effects of age group and cue on the CDA while controlling for individual estimates of maximum capacity. The results of the ANOVAs for these ERP data are shown in Supplemental Information. The results were largely consistent with those presented above, namely, that retro-cues affected P3bs for young adults only.
Correlations between performance and ERPs. In order to more directly assess the relationship between working memory performance and associated ERPs, we examined correlations between the size of the retro-cue benefits for RT and K estimates with the size of the retro-cue effects for the CDA magnitude and P3b magnitude and latency for subjective load levels of capacity and capacity +1. First, as can be seen in Figure 4 , significant correlations were observed between the postcue attenuation of the CDA and the retro-cue benefit for K estimates at capacity +1 in the young adults, r(15) = .51, p = .04, and for RTs at capacity +1 in the older adults, r(15) = .42, p = .05. Second, as seen in the figure, significant correlations were observed between the retro-cue related P3b latency shifts and the retro-cue benefits for RTs at both set sizes in the young, rs(15) > .47, ps < .05, and in the old, rs(15) > .46, ps < .05. Significant correlations between P3b latency shifts and retro-cue benefits for K estimates were additionally observed in the older adults, rs(15) > .43, ps < .05. No other significant correlations between performance and ERPs or between the CDA and P3b effects were observed. Collectively, these results suggest that the cue-induced modulations of the CDA and P3bs were positively related to retro-cue benefits in performance for both age groups.
Discussion
In the present experiment, we examined the effect of aging on the use of top-down control to regulate the access into and the maintenance of information in visual working memory. Specifically, we used an ERP index of working memory maintenance, the CDA, to assess whether aging affects both the ability to limit the access to working memory to task-relevant information, and the ability 
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to delete items from working memory that are deemed no longer relevant by retrospective attentional cues. There were four major findings. First, we showed that spatial retro-cues improved working memory accuracy in young adults but not older adults. Interestingly, however, retro-cueing benefits were observed for response times for both age groups. Second, both groups showed a CDA that was modulated by load consistent with an intact access function in older adults, somewhat inconsistent with inhibition deficit theory. However, age group differences were observed for the CDA but only in the period prior to the onset of the retro-cue, in which CDA amplitudes were reduced for the old, consistent with their lack of retro-cue induced accuracy benefit. Third, spatial retro-cues reduced the amplitude of the CDA, effectively mitigating the impact of memory load on this sustained activity in both young and older adults. Finally, spatial retro-cues resulted in earlier onsetting and abbreviated P3b components for young adults only. These results suggest that retrospective attentional cueing may enhance WM performance by reducing both interitem interference during maintenance and the degree of probe-related evaluation and updating during test; and furthermore, that aging impairs the ability to effectively use retrospective attention to modulate the contents of working memory in a way that benefits memory accuracy. These results and their implications are discussed in more detail below.
Behavioral Results
Although older adults were slower than the young overall, as would be predicted for almost any aging comparison, we found equivalent retro-cueing benefits in response times for both groups. Similarly, for young but not older adults, retro-cues enhanced memory accuracy for both Pr and K estimates. Consistent with previous findings in young adults (Kuo et al., 2012; Lepsien & Nobre, 2007) , these performance benefits increased with load but only in the young. This pattern of results supports the idea that for young adults retrospective attentional cues enhance VWM in part by reducing interitem interference, which increases with load. If older adults can use retrospective attention to enhance response speed, potentially via the same mechanism as the young, why are similar benefits not observed for accuracy? One possibility is that interference produced by VWM competitors, particularly evident at higher set sizes, makes it difficult for older adults with capacity limitations to successfully maintain the array. Indeed, consistent with this idea, disproportionate age-related accuracy impairments were observed at larger set sizes. In order to determine whether low levels of VWM capacity could explain the age group differences in retro-cueing, we analyzed retro-cue effects as a function of individual estimates of capacity (i.e., subjective memory load) rather than set size (objective memory load) for each group. A similar approach has been used in a previous fMRI study investigating working memory maintenance in the young and old (Schneider-Garces et al., 2010) . Interestingly, results were largely similar to those described above, namely, that retro-cue benefits were observed for all behavioral measures in the young and for RTs only in older adults. A couple of differences did emerge from this analysis, however. First, agerelated impairments in memory accuracy did not increase as subjective load increased. This suggests that once individual differences in capacity were accounted for, there was little evidence supporting the idea that increased susceptibility to interitem interference could explain the lack of retro-cue accuracy benefits in the older adults. Second, retro-cue benefits did not increase with increases in subjective memory load in either age group. That is, once the level of capacity was reached, retro-cue benefits were stable, and this pattern was similar for the young and the old, potentially suggesting that both age groups may use retro-cues to reduce interitem interference in VWM.
Another possible explanation for the age group differences in retro-cue effects may relate to the fact that trials were blocked by cue type in the current design in order to ease exposition of the task for older adults. By contrast, in some previous target detection studies in which temporal (Zanto, Toy, & Gazzaley, 2011) or spatial (Hoyer & Familiant, 1987) orienting cues indicating the impending visual target were randomly presented, response time benefits were reduced or absent in the old. What these results may suggest is that age-related deficits in utilizing expectancy to enhance performance may be particularly evident when there is no prior knowledge of the attentional cue and mobilization of attention must occur quickly. However, when prior knowledge of the cue exists, older adults can make use of this knowledge to benefit performance, potentially via priming of perceptual and motor networks associated with target detection and response execution. Moreover, it is known that the anticipation of new perceptual information can disrupt memory for information being maintained in VWM (Chun & Potter, 1995) . Thus, any benefit to performance resulting from expectancy mechanisms and/or suppression of interitem interference may have been negated by the perceptual interference caused by the retro-cue itself. As discussed below, the ERP evidence offers some support for this hypothesis. We believe that the most parsimonious explanation for the group differences in retro-cue processing is that while both young and older adults can use retro-cues to reduce VWM interference, interference from the cue to which older adults may be particularly susceptible limits the potential benefits to performance.
Aging Affects Working Memory Maintenance, but Only for Retro-Cue Trials
Our results showing that CDA amplitude varied in strength as a function of memory load before the onset of the retro-cues are consistent with previous findings suggesting that the CDA reflects maintenance of information in VWM (Anderson et al., 2011; McCollough et al., 2007; Vogel & Machizawa, 2004) . Importantly, reliable CDA effects that were similarly modulated by load were also observed for the older adults. If, as suggested by inhibition deficit theory (Hasher & Zacks, 1988) , the older adults' working memory performance decrements were due to an impaired ability to limit WM access to task-relevant items, it is likely they would have encoded items from both hemifields (relevant and irrelevant), and the magnitude of the CDA would have been greatly attenuated or absent (McCollough et al., 2007) . Instead, these data suggest that, regardless of age, participants were able to make use of simple spatial cues (precues) to orient their attention to and encode exclusively the task-relevant items. It is also worth noting that CDA magnitude did not reliably increase once individual estimates of capacity had been reached for both young and older adults. This finding extends previous findings from young adults suggesting that the CDA reaches asymptote approximately at one's VWM capacity (McCollough et al., 2007; Vogel & Machizawa, 2004) and reflects the number of items being accurately maintained across the lifespan.
These results are, however, inconsistent with two previous studies showing a smaller load-related modulation of CDA magnitude in the old (Jost et al., 2011; Sander et al., 2011) . Sander and colleagues speculated that because aging impairs control mechanisms that operate on the contents of working memory, which are also known to affect CDA amplitude (Voytek & Knight, 2010) , age group differences in the modulations of the CDA would be most pronounced when the demands on top-down control are high. In these previous studies, set size was randomized trial to trial and memory items (colored squares and rectangles) were presented in random positions on each side of the screen, while in the current study trials were blocked by set size, and positions of the squares for each set size were fixed. Consequently, the demands on topdown control or perhaps sustained attention needed to encode memory items were arguably greater in these prior studies than in our own. Given that CDA magnitude is stable once one's maximum capacity has been reached, it is possible that older adults' capacity limitations may have contributed to their smaller load-related modulation of the CDA in the studies by Jost and Sander and colleagues. Future research assessing the CDA as a function of individual estimates of VWM capacity and task difficulty will be necessary to determine the conditions under which aging affects the ability to utilize top-down control over working memory.
There was one interesting, albeit unpredicted, group difference for the CDA. Specifically, the CDA was attenuated for retro-cue relative to no-cue trials prior to cue onset in older adults only. It is not clear how such a pattern could be explained by an access limitation deficit, which, as discussed above, would likely result in attenuated CDAs for all conditions. Importantly, this effect cannot be explained by capacity limitations in the old as the same agerelated difference was observed after accounting for individual differences in capacity. As already noted, trials were blocked by cue type such that participants were aware of whether a retro-cue would or would not be presented. We speculate that the ability to make use of expectancy mechanisms to enhance response speed may have come at the cost of continued maintenance of relevant items in working memory in the older adults. Although the neural substrates underlying the CDA have not yet been specified, it is believed that sustained activation in extrastriate cortex during the delay period contributes to this ERP. Some recent fMRI evidence suggests that anticipatory attention to an imminent visual stimulus can modulate the level of activity in the extrastriate regions sensitive to that stimulus category (Lepsien, Thornton, & Nobre, 2011) . Thus, we tentatively suggest that anticipation of the retro-cue influenced the tonic level of activity in extrastriate regions underlying the CDA and that this disruption may have negatively impacted working memory accuracy in the older adults such that no retrocueing benefit was observed. Why this same pattern was not also observed for the young adults isn't entirely clear, but if expectancy of the retro-cue distracted from the perceived ability to maintain items in VWM, young adults may have been more capable of suppressing anticipatory attention. Although resolution of this issue would require further study, it is interesting to note that many of the older adults, but none of the young, reported that they found retro-cues to detract from their ability to perform the task.
Retro-Cues Attenuate the Effect of Memory Load on the CDA in Both Age Groups
Our ERP results showed that the magnitude of the CDA was reduced by the presentation of the spatial retro-cue to the same degree in both the young and the old effectively mitigating the impact of memory load on this persistent activity. A similar finding has been shown recently in young adults (Kuo et al., 2012) but the current findings suggest that the ability to use top-down control to modify the contents of VWM may be preserved in aging. Examining these ERP results in isolation might lead one to predict retro-cueing benefits in WM performance for both young and older adults but, as already discussed, there was no benefit to indices of working memory accuracy or capacity in the old. We hypothesize that the effect of anticipation of the retro-cue, as evidenced by attenuated CDA magnitudes prior to cue onset, may have negatively impacted the representations in VWM such that any potential benefit of using the retro-cue to reduce interitem interference may have been nullified. We further hypothesize that if the retro-cue presentation could not be anticipated, the preserved ability of older adults to use the retro-cue to delete no-longer-relevant items from VWM would manifest as greater memory accuracy for the relevant cued items. Thus, we believe that these data in combination with some recent evidence showing that older adults can filter taskirrelevant items from working memory, though somewhat later during retention than the young (Jost et al., 2011) , do not fully support the idea that a deletion function impairment is necessarily the rule in healthy aging (Hasher & Zacks, 1988) .
Before moving on, it is worth discussing some alternative interpretations for the retro-cue induced attenuation of the CDA. We were careful to present retro-cues centrally in order to avoid confounding modulations of the CDA due to changes in demands on VWM maintenance with modulations due to lateralized visually evoked potentials. Although some previous CDA studies have employed laterally presented probe stimuli (Ikkai, McCollough, & Vogel, 2010; Jost et al., 2011; McCollough et al., 2007; Sander et al., 2011; Vogel & Machizawa, 2004) , single probe stimuli were presented centrally for both no-cue and retro-cue conditions in our study, thus spatial anticipation of the probes could not have affected the CDA and certainly cannot explain the selective attenuation for retro-cue trials. It is possible, however, that the presentation of any visual stimulus could have contributed to some of the attenuation of the CDA observed after the retro-cue. Specifically, Kuo and colleagues (2012) showed that, compared to no-cue trials, spatially neutral cues also produce some attenuation of the CDA. These authors speculated that perceptual interference produced by visual stimuli might affect the tonic activity in extrastriate cortex that underlies the CDA. While our design does not allow us to separate the influence of retrospective attention from perceptual interference on the CDA, we reasoned that a direct relationship between the postcue CDA attenuation and memory performance could not be easily explained by a visual interference account. Indeed, we observed significant correlations between the size of the CDA attenuation and the size of the retro-cue benefit for K estimates in the young and RTs in the old. Thus, we feel that these ERP findings are best explained by the top-down modulation of VWM maintenance by retro-cues.
Retro-Cues Reduce Demands on Probe-Related Processing for the Young Only
Age-related delays in the latency of the target-related P300 or P3b have often been observed in previous studies (Fogelson, Shah, Bonnet-Brilhault, & Knight, 2010; Polich, 1996 Polich, , 2007 , and we observed the same result here. More interesting for the current study is the differential impact of retro-cueing on the P3b in the young and the old. The P3b has been elicited by probe stimuli in previous working memory studies, and the most widely held theory is that it reflects "updating" of the contents of working memory updating (Donchin & Coles, 1988; Polich, 2007) . In short, after initial sensory processing, the stimulus is compared with representations held in working memory, categorized (match/nonmatch),
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A. Duarte et al. and the contents of working memory are updated or changed, in preparation for the next stimulus. P3b latency and amplitude increase as a function of degree of engagement of these evaluative processes contributing to memory decisions (see Kok, 2001; Polich, 2007 , for reviews). Accordingly, our finding of earlier onsetting and shorter-lived P3b components following retro-cues in the young adults is consistent with the idea that retro-cues contribute to memory enhancements in part by reducing the demands on comparison and updating processes at the time of test (Makovski et al., 2008) . The lack of reliable retro-cue induced modulations of the P3b for the older adults, despite the modulations for the CDA, may be the result of reduced maintenance-related activity prior to the cue onset. As discussed above, the effect of retro-cue anticipation may have negatively impacted the representations in VWM despite a relatively spared ability to use the spatially informative cues to reduce interference. Consequently, decision difficulty was ultimately similar for no-cue and retro-cue trials, and the latency and amplitude of the P3b were unaffected. Another possible alternative explanation for the lack of P3b variation could be capacity limitations in the old; however, we observed the same general pattern of results after controlling for individual differences in VWM capacity. It is also possible that the lack of P3b variation is that aging is associated with intractable deficits in context updating mechanisms such that decision efficiency may never be increased. We feel that this explanation is unlikely, however, given that factors including working memory capacity (Peltz, Gratton, & Fabiani, 2011) and aerobic fitness (McDowell, Kerick, Santa Maria, & Hatfield, 2003; Pontifex, Hillman, & Polich, 2009 ) have been shown to mitigate the impact of aging on the P3b. Importantly, we identified significant correlations between P3b latency shifts and retro-cue benefits for RTs in the young and for RTs and K estimates in the older adults. Thus, despite older adults not benefiting to the same extent as the young from the retro-cues for the reasons already described, retro-cue modulations of the P3b likely support performance in both age groups.
Finally, although the P3b was not reliably modulated by retrocues in the old, P3b amplitude was affected by memory load in both age groups, with maximal P3bs displayed for set size 3 in the young and set size 2 in the older adults. The effect of load in the absence of interactions with cue for this ERP was not of particular interest in the current study and so we do not want to speculate at length about these results. It is worth mentioning, however, that P3b amplitude, albeit measured during encoding, has been shown to be sensitive to memory load in previous working memory studies (reviewed in Kok, 2001 ).
Conclusions
These data are consistent with the idea that retrospective spatial attention can modify the representations held in VWM in a manner that benefits memory performance in young adults. Our ERP results suggest that these memory benefits are likely the result of both a reduction of interitem competition that effectively reduces the memory load, as well as a reduction in the number of comparisons between the probe and working memory representations that need to be made at test. These data further suggest that despite preserved abilities to both limit working memory access to task-relevant information and to delete items from working memory deemed irrelevant by retrospective spatial cues, older adults may be less able to use retrospective attention to enhance working memory performance. We speculate that older adults' performance does not benefit to the same degree as that of the young because expectancy mechanisms related to impending spatial cues negatively impact working memory representations in the old. Future studies that manipulate the influence of expectancy during working memory maintenance will be important for determining the extent to which older adults can use top-down attentional orienting to regulate the contents of VWM and enhance working memory performance.
